
UNCLASSIFIED

AD NUMBER

LIMITATION CHANGES
TO:

FROM:

AUTHORITY

THIS PAGE IS UNCLASSIFIED

AD830219

Approved for public release; distribution is
unlimited. Document partially illegible.

Distribution authorized to U.S. Gov't. agencies
and their contractors; Critical Technology; APR
1959. Other requests shall be referred to Air
Force Space and Missile Systems Division, SMSD,
Los Angeles AFB, CA 90045. Document partially
illegible. This document contains export-
controlled technical data.

samso, usaf ltr, 28 feb 1972



ASTROJWÜTICS  

APR 14 ]959 

^IBKARY 
CORRELATION OF THEORT AND EXPERIMENT ON 

L'-• 

O- 

STAGNATION POINT HEAT TRANSFER RATES TO 

CYLINDERS AND SPHERES 

D 

NATIONAL TECHNICAL 
INFORMATION SERVICE 

U S Oapcttmant cF Comm«rc« 
Sptingfimld VA 22131 



·•· 

THIS DOCUMENT IS BEST 
QUALITY AVAILABLE. THE COPY 

FURNISHED TO DTIC CONTAINED 

A SIGNIFICANT NUMBER OF 

PAGES WHICH DO NOT 

REPRODUCE LEGIBLYo 



Ci 

unv NO AZR-006 

0AU 2 April 19S9 

NO Of P»8£$    20  

CONVAIR    ASTRONAUTICS 

r 

CONvAl»   DIVISION  OF   GtNtnAL  DYNAMIC« COWPOHATION 

CONVAIR- 
ASTRONAUHCS 

APR 14 1959 

LIBRARY 

(M ^5 
f 

o 0-' 
^1^ Qf5 
CO 
00 1 

Q 
^ 

< 

CORRELATION OF THEORY AND EXPERIMENT OH 

I^AQNATION POINT HEAT TRANSFER RATES TO 

CYLINDERS AND SJ'HERES 

PREPARED BY J/j^Uis&t' 
ft Vasillu w. r. Radcliffy/ 

Chief üeTelofMi*il Kngineer 
APPROVED BY .  

NO BM •Y 

■ 



i 

UNCLASS trlCD 

DOC   »EPORT  9 JBL t OGRA^HY       SEA»»CH  CONTROL   NO'4   /rhyti, 

AO-P?A ?19      V  21/8.1    20/13     20/H 
<-,EWE»AI. OY^AMTCS/AST^ONAUTICS «AN ßlEGO CALlr 

rO^RpLATlON   Or   THEORY   AND   EXV'MENT   ON   STAGNATION^ 

PO» MT HEAT TR^MSFEP "A^ES TO rY<-lNnE«S AND SPHERES,  (U) 

AP»   59     ?flP 

REPT, NO.   G'5A-A7''-006 
VASILIu.J.  t 

UNCUASi; »F lED "EPORT 

DE«CR I PT0'»S •   (TPOcKf1 MOTQPS ( L lOu10 PP O^E L L A NT ) ' 

VrRNlER ROCKET^gOTOPS),  («VEWNIPR RACKET MOTORS, 
EVHAUST FLA

M
ES?.  («HEAT TRAN5PrP. STAGNA

T
ION 

POINT)"!* GUlgEo MISS ILE«; ( SURFACr-T0-«URr ACE » , 

C A I OR I tlET*r • SOHEWES.  fYuiyoPlpAL BODIES» 
E*HAI'ST GA5E§. SHOc»' *AVES.  MOnEL TrSTgi SCAUF. 

Bi "'NT .OOIFS. ^ONDUcT I r)N< HEAT TPAN^FE"), 

VtSrOSiTY,  lNCnMPRESSinl.E FLOW
W CO^RELATION 

TFC
W
NIOUES 

I OFNT ip I ERS •   ATLAS.  XSM-6S MlS«;iLfS 

THF RFPORT PRESENTS A COMPAPI^ON BrTWElrN A 

«I^PLTFIEO EQUATION FO* STAGNATION POINT HEAT 

▼RANSFE» »NO THE EXPERIMENTAL RESULTS OP AN 
T NVEST IGAT lO»g ON HEATJNG »ATE«: TO C

Y
L1NDEP5 ANO 

«PMfRpS SupJE^TEo TO FLAME  IMH I NGEMENT^PPOM k     l/iO- 
«CALF MODEL Op AN ATLAS VEPNIJP ENQINET CARRIED OUT 
IINDEP CONTRACT NO,  A F-OH ( 6 H 5 ) _ «4 . 

(AUTHOR) |U) 

(U) 
(U) 

c UNcLAcS t^ 'EO /PAYE5 



CONVAIR 
( 
ASTRONAUTICS 

„PORT KZVM06 

i "«tf 

2 April 1959 

FORWARD 

Thie report present» a comparison between a simplified equation 
for stagnation point heat transfer and the experimental result« of an 
investigation on heating rates to cylinders and spheres subjected to 
flame impingement from a l/lO-scale model of an Atlas vernier engine, 
carried out under contract No, AF-OU(6ü5)-U, 
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ft 
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r» 

T 

t 

V 

X 

z 

cross sectional area of calcrimeter 

enectflc heat of material 

specific heat of gases at constant pressure 

body diameter 

diameter of UMBlt exit 

gravitsticnal crnst.-nt 

enthalpy 

c-nductivity of material 

ratio of densities across a normal shock 

pressure 

heat transfer rat« 

universal (-as c-nstant 

radius of body 

outside radius of shell 

inside radius of shell 

temperature 

thicKnesc 

equivalent thickxiess defined by Eat (37) or (33) 

velocity at the outer edge of the boundaiy layer 

weight of calorimeter 

distance along cer,tf«rline measured from noy-sle exit (Section III) 

distance along surface of body (Section I) 
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o(    ■ fee   thermal diiTusivlty of material 

c* ^ Tw)- f'.nction given by Eq. (8) 

c«/' -     function i^iven by Eq«  (Hi) 

function [riven by Eqo   (17) 

»mm h    - 
Htl 
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r - 
Q    - 

e - 
< - 

( 

c - 

I - 
s - 

t - 
w - 

oC - 

ratio of apeci fie heats 

angle between radius vector and centcrline of body 

constant in the temierature-viscosity relation 

viscosity in lb/sec,  ft 

angle about the axis of body- 

density of gas or material 

t ne in sec. 

Q/t»„//»        ■  fraction of heat losses by conduction to total heat input 
F*^f»«*      at T,.; - 62COR 

ibscrjj ts 

chamber 

conduction losses 

at the sta'.Tiation p> int,  also stacnation conditions, unless otherwise 
noted, 

total 

wall conditions 

conditions ahead of shock 

evaluated at a reference temperature 
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3UhtKARI 

A review of the available theoretical expressions on the velocity gradient 
at the stagnation point of a cylinder or sphere, (an important parameter 
in stagnation noint heat transfer) discloses no a ireciable discrepancy 
between the varioue theories. The equation of Fay anc Riddell, derived for 
the case of dissociatpd air, is next transformed by using the perfect gas 
law and the available data or. the viscosity-tem^mture relation of the 
exhaust gases of the vernier engine. A simplified eauation giving the heat 
transfer rate as a function of the bo 'y diameter, the Mach number ahead 
of the shock, and the stagnation or chamber pressure is thus obtained. 

As a test of the validity of this procedure, the incompressible flow equation 
given by Sibulkin is modified by th« incorporation of the reference tempera- 
ture method of Eckert. This if compared with the previous result. The 
maximum deviation of this result from that previously determined is found 
to be less than h  percent. 

In Section II, two principal sources of error in the experimental data, 
the error due to the curvature and thickness of the calorimeters and that 
due to conduction losses, are discussed, and a method for the elimination of 
these errors is given. It is also s^ovm here that the discrepancy between 
theoiy and exi eriment, with regard to the variation of the heat transfer 
rate with wall temperature, can be explained easily when the conduction losses 
are taken into account. 

In Section III a comparison is made between the theoretical and exrerimental 
results. It is found that the adjusted experimental values are in good 
agreement with the theoretical c-rve, while the unadjusted data deviate 
appreciably in the region of low heat transfer (high Mach number) of the 
jet, where the conduction losses become important,, 
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I THEORETICAL HUT TRANSFER RATES 

1 - Velocity Oradlent at the L-tarnntlon Point of a Blunt Pocfy 

The velocity gradient ut  the outer edfie of the bouridarv layer near 
the stagnation point is reouired in order to compute the heat transfer 
rate as thown In Section 2 below» A number of available theoretical 
treatments pive approxijna*ely the same value for the velocity pradlent« 

L. Lees and Fay * Riddell (Reference 1) use the hypersonic or New- 
tonian flow approximation which leads to the expression 

Using the perfect gas law this equation takes the form 

f \Jz*Tt 
(la) 

Hayes (as reported in Reference 2) gives an expression for the 
velocity gradient in terms of "fc , the density ratio across the normal shock: 

(£l "  ^ ^ (2) 

Using the definition of the speed of sound and expressing ^ in terms of the 
free stream Mach number one obtain», after some manipulation, 

fir /stKTt 

Finally, Li and Oeiger (Reference 2) give a modified expression 

(^V- irv'^-w 
(3) 

After some manipulation this equation can be put in the following form: 

■ so kmi 
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Eqa  (2a) and  (3«) are of the fame form as Eq,   (la) except for a 
small factor which ioVf* 1,267 i» equal to 1.055 in the case of B(j.  (2a), 
and Ie0l5 in the case of Eq.  (3a) with M-5,    These equations are plotted 
in Figure 1*    Since the velocity gradient appears as a square root tern 
in the heat transfer equation, the discrepancy in using any one of the above 
equations will be small. 

2 - Sircplified Heat Transfer Equation for a Perfect Gas 

Fay and Riddell  (Ref. 1)  piv« an equation for heat flux to the staifna- 
tion point of a body of revolution in dissociated air ^ ich,  for Prandtl 
number equal to 0,71,  is 

Recently,  Beclcwith pointed out tha*:  the above equation also c orrelates the 
results of perfect-gas solutions, provided that Sutherland formula for 
viscosity is used. 

Equation (h) takes the following form, after multiplication and division 
by   (fsuJ)

a'and substitution of Eq.  (la) 

fm 0.94 A     (ML)   Jp% iLs   ( K-k*) (*$*%)     (5) 

Using the perfect, gas law and considering that the pressure, p, is constant 
across,and at the outer edpe of the boundary layer,one obta ns 

or, grouping all the terms that depend on the temperptures, T8 and Tw , 

where 

(8) 

fO«M IN A.IQ? I 
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For hypersonic flow the value of^ia riven a-jproximately by 

wherejfrcn the one-dimensional flow relations 

*.- 

therefore 

C'+^O 

XÄik 

VH 

(9) 

(10) 

Bq, (7) then becomes, after substitution of Bq,  (11)f 

or^if fr is given in lbo/in , and Djin inches 

(11) 

(12) 

^ = "/^r//t'M:)r/^    *^ 
where 

0< ' = / 492 * lo* <* 

(13) 

(111) 

For y«!,267 and/^t ■ 3li7 P«i«,    q becomes a function of Mach number 
and diameter onl^'. 

f ^ 

»^    (l+OMS Ml) 
 ./D ,/,cv»)(i5) 

where 
Of - 3ol3 x 10°    oj 

- u.i6 x io6 /GMfi/S. (CfSl-c^rjfyer.) (16) 

in a ilightly different for« 

■»•"■■•■■■■■•••■■i»'. 
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Eq. (17) lb plotted in Fip, 2 for a ranee of valuei of Tw using T    as a 
parameter, and the available values of viscosity and specific heat of the 
exh-/;«t gases.    It is noted fron this equation that th#- effect of wall 
temperature on the heat transfer rate is contained in the temperature gradient 
tern,  the Un ^V^«7^   )        beini' insensitive to a variation of T^ of a 
few hundred degree».    Thus,  in the range of Ty • 600 -900^ and T8 • ?0O0 - 
6000^»  Eq.   (17) can oe simplified to the following equation, accurate to 
♦ 1«$   lercentt 

c**-   3,6$ x 103 ( Cpjt -Cr*7'* ) 

and the heat transfer rate,  fro« Eq,   (lS)t becomes 

(18) 

f 
3tS*fO M* 

\fl>       (l+oJi*s-Mm) *i».»7 

fy&~€fj%,i 
p±* i47pit* 

19) 

For T8  ■ ?500oJ', Tw ■ 620^i  and using the correeponding values for« and 
C-   , one finds e\'m 9,55 x 10° f so that 

ft.:}*? pi** 
Ti « Sfao «/e 
7^ >   CIO '* 

P   m inches, 

(20) 

The above equations apply to the case of a sphere.    For the case of a 
cylinder, the equivalent equations am obtaiied by dividing by /ÜFT 

3    -    Cj^nparison with th>» Equation Obta-ned by the Reference Temperature Jompari 
Method. 

It has been suggested that the inccwpressible  sta^niation point heat 
transfer equation given by Sibulkin can be used for compressible  flow pro- 
vided that the gas properties are evaluated at a reference temperature 
given by Eckert.    (Sec Ref. 3).    Thus, the modified equation ia 

U ' TSS» ^V (k - h,) /i^Ml 

which f or v • 0,71 becomes 

(21) 

4^ = 0.9** /pp (ht.h„) V(f%*U (?1«) 

{ 

IM   » W 1 
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where the reference temperature is computed from the simplified equation 

»# • I < * + fm) 

Comparison of Eqio  (21«)  and (h) gives 

(22) 

fl (23) 

r    (^ vss 
using the perfect gas relation,  j>mf*i § Eq.   (23) may be modified 
as follows: 

A temperature • viscosity relation of the form 

M 
,44* 

may be assumed,  and Eq.  (2li) becomes 

1 

= > 
ä^ 

(2U) 

(25) 

(26) 

FORM NO « 70Jt 
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A value of K« 0,6^ to 0.68 waa obtained from the riscosity temperature 
data of the exhaust gases in the ran^e of Tw ■ 620 - 900°^.    Using this 
value ofx in Ea,   (26) the ratio of the heat transfer rates given by the 
two aquations was found to vary slightly from unity 

1 
Thus Eqs, (?la) and (U) give approximately the same hent transfer rate. 
Value« obtained from Eq,, (21) have been plotted in Figure (^). 

» '0? i 
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II    ANALYSIS OF THE EXPERIMENTAL RESULTS 

1 - OwiTal Equation of Heat Conduction in th« Caloriwatar 

The differential equation for unsteac^-etate heat conduction in 
epherical coordinates is 

Aasuming that all derivatives of T with respect to # and ^ are not functions 
of r*, integrating with respect to ft and using the boundary condition •^►•0 

at   fk ^z,   one obtaxns the temperature gradient at the outer surface. 

1 cr s 
a 

rs
vsin*    <?* #& ' l&l Ti*       St 

(28) 

The heat transfer rate is then given by 

The corresponding equation for heat transfer to a cylinder is found   in a 
similar manner starting from the differential equation in cylindrical coordi' 
nates 

ff.   JS l(r*L]+   A.   ST] 
(30) 

Thus 

(31) 

The first term on the right hand side of Eqs.  (29) and (31) represents the 
heat storage in the,shell element and the second term t the conduction away 
from the element.    When the eise of the element is taken equal to the size 
of the calorimeter this second term represents the heat losses by conduction. 

I 

«w i 
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2 - Correction for the Thickness and Curvature of the Calorimeter 

The equation uaed in computing the heat storage in the calorimeter from 
the experimental temperature-tlm« curve is» 

f**?. A        Hr (32) 

This equation   applies strictly to the case of a flat plate«    For a 
calorimeter having the form of a spherical shell the storage term in Eq,  (2?) 
«rpliest 

Jr 

or 

where 

0^«, = e*- £-zSh   si 

r,~rm 

3T^ 

(33) 

(33*) 

(3li) 

which can be put in the form 

^ct _±   ief   H ^    * c   'T 
& 

(35) i***,     r      TT T Jr      *    Jr 

Comparison of Eq,,  (35) and (32) gives 

Eq.  (36) applies also to the case of a cylindrical shell element; however 
for a «phere,  one finds, after some manipulation of Eq,  (3U)» 

(36) 

t ,  f 
(37) 

whereas,  for a cylinder, using the storage term    of Eq,  (31), 

(38) 

fORMN,   A »ü7 i 
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Eqa,  (37) and (33) are plotted in Fig. 3*    It is seen that for the values 
of %• 0.20 or 0,267 of the test models  ( t*a/     G = Ji" o*' Ve   ) the deviation 
from the flat plate equation, Eqo  (32),  is appreciable. 

3 - Correction for Heat Losses by Conduction 

To compute the losses by conduction a knowledge of the surface tempera- 
ture distribution is required.    Since no experimental values    are available, 
a temperature distribution of the for« 

7". 'H^i 
COS & (39) 

may be assumed. This distribution checks well with experlnmntal values 
obtained by the NACA at a Mach number of six, and for small values of 
&    (For a calorimeter diometer of C^S* and a sphere diameter of 3/1", 
9 is approximately 9,6 degrees) The temperature derivative, appearing 
in the conduction term of Eq, (29) is found from Eq, (39) 

(Uo) 

and the he t loss, using the conduction term from Eq, (29), is 

ff*  ***£  T^ (****) (U) 
The above equation and the temperature distribution given by Eq,  (39) are 
strictly valid for a homogeneous sphere.    In the case of a calorimeter 
material different from the model material Eq,   (U.) can be used for esti- 
mating purposes, with the value of k for the sphere material.    The validity 
of this assumption is demonstrated by an indirect approach in Section \x 
below. 

For the case of the cylinder. 

je1- 
(U2) 

fOUM N»   k m I i 
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and 

fs   M   ~A*    Im    't" {-£-) CcyllnJcr) (1*3) 

li -    Effect of Conduction Losaea on the Heat Transfer Rates at Dilferent 
Tall TjBirperatur«8. 

The lar^e discrepancy between exj^erimental results and theory    with 
respect to the variation of the heat transfer rate with tenrcratrre,  eviown 
in Fig, 1,  pa/»e % of Reference li,  can be accounted  for by including the 
heat losses by conduction.    The t t&l heat transfer from the gas to  the 
sphere at the stagnation point,  for wall temperatures of 620*^ and Tw_ is 
respectively 

^62«   =      ^t*f»cxo   *   f/ <»• 

fa      a     h'^    *   1**i 

(Uh) 

(li5) 

Fro« Eq, (Ul) it is seen that the heat losses are proportional to the 
temperature and therefore 

fas fit - +4V V . - . 
620 - *(»o 

Moreover frnm the theoretical heat transfer results 

?' ^-^ 

71 - 620 p* 

m 

(U7) 

Combining Eqe. (Ui) and (I?) substituting Eqs. (U6) and (I?) and rearrang- 
ing one obtains 

71 -t3C 
-i__. * isi tm -*(>o 

/«id 

/ - x 

1' ta* 

(ae) 

(U9) 

A « so 

KIBM NO «;o2 I 
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Eq. (IS) plotted in Flg. h tart' 0, 0.10, 0.15 

To  ietemin« the ralue of S( for the condltiona of Fig,  1 of the above ^ 
mentioned report, the heat loss was coaputed from Eq.  (Ul) to be^O.71 x 10 
Btu/hr ft^ and ft was found from theory at "/bt" 11 to be 1*. 6 x 10^ so that 
X » 0ol5«   The experimental curve is also plotted in Fig. U as a dashed line. 
It coincides with the theoretical curve for X - 0.15, which is the same as 
the computed value.    This agreement indicates that the use of Eq.   (hi) for 
computing losses is Justified.    The use of the conductivity of the sphere 
material  (steel) m^jr also be justified frm the fact that the conductivity 
of the calorimeter material (copper) is much larger. 

• 

•   »/w I 
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III COFEEUTION OF THEORY AND EXPKRIKZlilT 

The experimentAl rtsulto reported in Reference (7) must be corrected for 
the errors dlecussed in Section« 2 and 3.    Using   fattt   to denote the data 
as reported,  the adjusted heat transfer rate is given by. 

H- ■ (fy fa** * f44* (So) 

For a 3A in-diameter sphere vfith shell thiCKness ^'•0,10 in. this equation 
becomes 

m - ^76 ^M« * ^«^ (50a) 

The experimental points, thus adjusted, are plotted in Fig, 5. The data 
on models with insulated calorimeters ha« b^cn adjusted only for the error 
due to curvature. The simplified equation, Eq, (20) in Section I, has also 
been plotted in this figure using the variation of M with y/^(See Refo 5) 
shown in the lower portion of the curve. The agreement between theory and 
experiment is s^en to be satisfactory. The experimental points have also 
been plotted in Fig, 6 without any correction and compared to the theoretical 
results. It is seen that heat losses cause an appreciable error at the 
high-Mach-number portion of the c irve where the heat input is low. The test 
result« on a 3A" cylinder are plotted in Figure 7 along with a plot of value« 
of o obtained from Eq, (20) divided by fT, The experimental point« are 
plotted a« reported in Reference (6) without any correction for the curvature 
and thickness of calorimeter and/or for conduction losses. From Fig, 3 *f/t 
is approximately eoual to 0,87, for a cylindrical shell elemento However, the 
calorimeter used was circular and thia correction cannot be made with cer- 
tainty. Moreover a uniform constant was used for all cfilorimeter«in reducing 
the experimental data, even though this constant wa« expected to vary slightly 
with each calorimeter. The heat loss computed from Sq, {h})  at a wall 
temperature of 620°!? i« 1*1,000 Btu/hjr ft. This oorrection willmise the 
value« of the experimental points at high Mach numbers, and give a better 
agreement with the theoretical curve. It is emphasised that correct!m« 
for curvature and heat conduction have not been applied to the data presented 
in Fig, 7, 

Finally, it should be pointed out that, in view of the appreciable 
rarefaction of the Jet at a Mach nutber of 10 or higher (See Fig, A-2 p, I46 
of Reference 8), «lip-flow effect« will tend to reduce the heat transfer rates 
to cylinder« and spheres, and the theoretical curve 1« not strictly applicable 
beyond this Mach number, Fron Figo D-U (p, 71) of thi« reference it i« 
estimated that there will be a 15 percent reduction in the averape heat 
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trar»fer rate to 4 3A,, »pher« at M • 10,5» Thu«, the «xperlmental results 
in triis rarefied region should be expected to be somewhat lower than the 
theoretical cvrve,which was based on continuu«-flow theory. 
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